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ABSTRACT
We determine the local metallicity of the ionized gas for more than 9.2×105 star forming regions
(spaxels) located in 1023 nearby galaxies included in the SDSS-IV MaNGA IFU survey. We use
the dust extinction derived from the Balmer decrement and stellar template fitting in each spaxel
to estimate the local gas and stellar mass densities, respectively. We also use the measured rotation
curves to determine the local escape velocity (Vesc). We have then analyze the relationships between
the local metallicity and both the local gas fraction (µ) and Vesc. We find that metallicity decreases
with both increasing µ and decreasing Vesc. By examining the residuals in these relations we show
that the gas fraction plays a more primary role in the local chemical enrichment than Vesc. We
show that the gas-regulator model of chemical evolution provides a reasonable explanation of the
metallicity on local scales. The best-fit parameters for this model are consistent with metal loss
caused by momentum-driven galactic outflows. We also argue that both the gas fraction and local
escape velocity are connected to the local stellar surface density, which in turn is a tracer of the epoch
at which the dominant local stellar population formed
1. INTRODUCTION
The observed gas-phase metal content in the interstel-
lar medium (ISM) is the byproduct of stellar evolution,
modulated by gas flows into and out of galaxies. There-
fore, understanding how the metals relate to other ob-
servables provides key clues about how galaxies evolve
and (more importantly) about the physical processes re-
sponsible for this evolution.
In simple models of chemical evolution, the metal
abundance in the ISM will set by three main processes.
The first is the degree of chemical evolution, which in-
creases as more gas is converted into massive stars, which
return metal-enriched gas. The second is the loss of met-
als through outflows driven by the feedback effects of
massive stars and supernovae. The fractional metal loss
is expected to be larger in low mass galaxies with low
escape velocities. The third is the inflow of lower metal-
licity gas from the surrounding circum-galactic medium.
Indeed, recent analytical models suggest that chemical
evolution can be understood as an interplay between
these gas flows and the gas reservoir available to form
new stars (Lilly et al. 2013).
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Over the last three decades many studies have been de-
voted to testing these models of galactic chemical evolu-
tion. One fundamental observational parameter in prob-
ing the chemical evolution of galaxies is their total gas
fraction (i.e., the ratio between the gas and stellar plus
gas masses). Gas-rich galaxies tend to show low metallic-
ities in comparison to gas-poor massive ones (e.g., Gar-
nett 2002; Pilyugin et al. 2004; Hughes et al. 2013; Both-
well et al. 2013, 2016). This is qualitatively consistent
with theoretical expectations.
Different authors have also noted the correlation be-
tween a galaxy’s luminosity and its oxygen abundances
in samples of late type and irregular galaxies (e.g., Vila-
Costas & Edmunds 1992; Zaritsky et al. 1994; Lequeux
et al. 1979; Pilyugin et al. 2004). Using reliable estimates
of the stellar mass and the very large data set provided
by the Sloan Digital Sky Survey (SDSS), Tremonti et al.
(2004) showed a very tight relation between the stel-
lar mass and the central gas-phase metallicity for more
than 53,000 star-forming galaxies. The central metallic-
ity increases with stellar mass, reaching a constant value
for massive galaxies. This supports the idea of a mass-
dependent loss of metals.
Due to the technical challenge in obtaining spatially
resolved data for a large sample of galaxies, most of the
studies to date have relied on integrated or central prop-
erties. In particular, the emission line fluxes used to de-
rive the metallicity are usually obtained from the central
region of the target which in turn only probe the physical
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2processes that affect the metallicity in that specific re-
gion of galaxies. However, the situation has been chang-
ing significantly in the last years with the deployment
of integral-field spectroscopy surveys. Thanks to them,
different studies have unveiled relations at local scales
that are analogous to those observed globally/centrally.
Rosales-Ortega et al. (2012) found a tight relation be-
tween the local metallicity and the local stellar surface
mass density. This relation has also been observed in
large surveys such as the CALIFA survey (Sa´nchez et al.
2014). For a large sample of disk MaNGA galaxies
(650), we were able to reproduce both the observed ra-
dial metallicity gradients and the global mass-metallicity
relation using a single relationship between the local val-
ues of the metallicity and stellar surface mass density
(Barrera-Ballesteros et al. 2016). This result indicates
that local gas-phase metallicity is a consequence of the
local star formation history.
As noted above, two important quantities in models
of chemical evolution are the gas fraction and the es-
cape velocity. Studies exploring the spatially resolved
metallicity as a function of the gas fraction and/or es-
cape velocity are rather scarce. With a large, homoge-
neous dataset from the GASS survey Moran et al. (2012)
found that the metallicity in the outskirts of a sample
of star forming galaxies decreases as their total atomic
gas fraction increases, suggesting gas fraction is funda-
mentally important. More recently, Carton et al. (2015)
studied the metallicity gradients in a sample of 50 late-
type galaxies. In order to explain the observed radial
distributions, the authors used the gas fraction in a local
version of a chemical model in which inflows, outflows
and star formation are in equilibrium (Lilly et al. 2013).
The gradients are then explained by the radial variation
of the gas fraction and the mass loading factor (the ra-
tio of the outflow and the star formation rate), which is
in turn driven by the radial variation in the escape ve-
locity. On the other hand, Ho et al. (2015) explained
the similarity in the observed metallicity gradients of 49
late-type galaxies by assuming a model in which the mass
loading factor and the ratio of the inflows and star for-
mation rates are constant. Their results suggest that at
local scales the chemical evolution of galaxies is virtually
the same as a closed-box model in which the metallicity
depends only on the local gas fraction, and very weakly
on inflows or outflows.
In this paper our goal is to exploit the data from the
Sloan Digital Sky Survey in the field of spatially resolved
spectroscopy via the MaNGA survey (Bundy et al. 2015)
in order to study the impact of the local gas fraction and
the local escape velocity on the local metallicity in more
than 1700 star-forming galaxies. The motivation is to
provide insights into the physical processes responsible
for chemical evolution on local scales and to better under-
stand the origin and meaning of the corresponding global
relations. The structure of this paper is the following: in
Section 2.2 we introduce the main aspects of the MaNGA
survey as well as the selection criteria for our sample; in
Section 3 we derive the spatially resolved quantities that
we used in the study while in Section 4 we present the
relations between these parameters; in Section 5 we com-
pare those relations with models of chemical evolution,
and discuss the implications of our findings in Section 6;
finally in Section 7 we present our conclusions.
2. SAMPLE AND DATA
2.1. The MaNGA sample and datacubes
For this study we use the sample of galaxies observed
by the MaNGA survey through June 2016. The goal
of this ongoing survey is to observe a sample of 10,000
nearby galaxies using an integral field spectroscopy unit
(IFU, Bundy et al. 2015). The MaNGA survey is tak-
ing place at the 2.5 meter Sloan Telescope at the Apache
Point Observatory (Gunn et al. 2006). Observations are
carried out using a set of 17 different fiber-bundles (sci-
ence IFUs) packed in hexagon shapes (Drory et al. 2015).
The number of fibers varies from 19 to 127 per bundle
covering a Field-of-View (FoV) of 12 to 32 arcsec, respec-
tively. The diameter of the fibers in each of these bundles
is 2.7 arcsec. These bundles feed two dual channel spec-
trographs covering a large wavelength range from 3600
to 10000 A˚ and provide a spectral resolution of R ∼
2000 (Smee et al. 2013). Details of the spectrophoto-
metric calibrations for the MaNGA survey can be found
in (Yan et al. 2016). The observing strategy includes
a three-point dithering in order to provide homogeneous
coverage of the field of view. Final datacubes are reduced
by a dedicated pipeline described in Law et al. (2016).
The pipeline accounts for sky subtraction, wavelength
and flux calibration, as well as the combination of the
three dithered observations. The final product of this
pipeline is a datacube where each element is described
by two spatial coordinates x and y corresponding to the
RA and DEC projected on the sky and the z coordinate
corresponding to the wavelength element. Each of the
spatial elements containing individual spectra are also
known as spaxels. The spatial size of each spaxel in the
final datacube is 0.5 arcsec.
The targets for MaNGA observations have been se-
lected from the extended NASA-Sloan catalogue (NSA 1
Blanton et al. 2011). This catalogue provides a large set
of spectro-photometric parameters for individual targets,
such as redshift (z), total stellar mass (M∗), half-light
radius (Reff), absolute ugriz magnitudes, photometric
position angle (PA), photometric ellipticity (), among
others. The main selection criteria for the MaNGA
1 http://www.nsatlas.org
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Figure 1. Color-M∗ diagram of the MPL-5 MaNGA sam-
ple. Gray and blue points represent the parent MPL-5
and our sample, respectively (for selection parameters
see details in Secs. 3.1 and 3.4 ). The top-horizontal
and right-vertical panels show the distributions for both
samples (gray and blue histograms for the MPL-5 and
selected samples, respectively) in stellar mass and color,
respectively. The color distribution from our selected
sample is flat in contrast to the observed bi-modality in
the MPL-5 sample.
set of galaxies yield nearby targets with stellar masses
M∗ > 109M, a relatively flat distribution in stellar
mass, and uniform radial coverage. Detailed descriptions
of the selection parameters can be found in Bundy et al.
(2015). To accomplish different science goals, the radial
coverage of the IFU for ∼ 66% of the sample is at least
1.5 Reff (also known as the ’primary’ sample) whereas for
∼ 30% the IFU FoV covers at least 2.5 Reff (’secondary’
sample). For a description of the sample properties see
Wake (2016). The sample from which our sub-sample is
drawn includes 2780 galaxies at redshift 0.01< z <0.17,
covering a wide range of galaxy parameters (e.g, stellar
mass, colors and morphology). For internal distribution
purposes, this sample is known as the MPL-5. Most of
these galaxies are included in the SDSS-IV DR14 data
release 2. These objects provide a panoramic view of the
properties of the galaxy population in the Local Universe.
2.2. Selected Sample
For this study we perform a further target selection us-
ing the following criteria: (i) galaxies with a representa-
2 http://www.sdss.org/dr14/manga/
tive number of spaxels (> 10%) classified as star forming
(see Sec. 3.1 for details) and (ii) reliable estimation of
the rotation curve from their Hα velocity field (see de-
tails in Sec. 3.4). This selection yields a final sample that
includes 1023 galaxies. In Fig. 1 we compare the distri-
bution of the selected sample against the entire MPL-5
sample in the color-M diagram. The mass distribution
of the MPL-5 sample is relatively flat in the mass range
9.2 . log(M∗/M ) . 11.0. The resulting mass distri-
bution from our selection parameters mimics the MPL-5
parent flat distribution for a large range of stellar masses.
Note however, that our sample does not cover the most
massive galaxies bins. This is expected since from our
selection parameters we required galaxies to have a sig-
nificant amount of star-forming regions, which are not
likely to occur in the most massive (early-type) galaxies.
It is evident that the MPL-5 sample follows the ex-
pected bimodality in color distributions (see gray dia-
gram in the vertical panel in Fig. 1). However, our sam-
ple of galaxies shows a rather flat distribution over a wide
range of colors, from blue to red. Our sample then in-
cludes not only star-forming galaxies (the so-called ‘blue
cloud’), but also intermediate ‘green-valley’ galaxies as
well as ‘red-sequence’ objects. The distribution of our
sample in this diagram indicates that IFU spatially re-
solved data allows us to identify a significant fraction of
galaxies that otherwise would not be classified as having
star-forming regions.
3. ANALYSIS
3.1. Data Analysis Products from PIPE3D
For our study we require the use of an analysis pipeline
allowing us to extract spatially resolved maps in individ-
ual datacubes of the different properties of the ISM. For
this we used the Pipe3D analysis pipeline (Sa´nchez et al.
2016). The pipeline provides a simultaneous fit of the re-
duced spectra using stellar population models as well as
the nebular emission for the datacubes. To fit the stellar
continuum the pipeline uses a single stellar population
library from Cid Fernandes et al. (2013). This library
is a collection of 156 spectra that covers 39 stellar ages
(from 1 to 3 Myrs), and four metallicities (Z/Z = 0.2,
0.4, 1 and 1.5). Prior to the fitting of the stellar popu-
lation, a spatial binning is performed to each data cube
to reach a continuum S/N of 50 across the field of view.
Then, the stellar population fitting is done for each of the
coadded spectra. The stellar population for each spaxel
within a bin is obtained by scaling the best fitted spec-
tra derived for the bin to the continuum flux intensity
of the corresponding spaxel. The pipeline also creates
a continuum-free datacube by substracting the modeled
continuum from the original datacube. The stellar mass
map is determined by assuming the same extinction and
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Figure 2. Example of some of the maps of properties derived from the Pipe3D analysis pipeline. The left image shows
the hexagonal field of view covered by the MaNGA IFU over plotted in a composite SDSS image of one of the galaxies
in our sample. In the right side of the figure, we show from left to right and top to bottom the maps for the surface
mass density, the Hα flux, the extinction, and the equivalent width of the Hα emission line.
mass to light ratio for all the spaxels within a given spa-
tial bin. We determine the surface mass density (Σ∗)
in each spaxel and correct from projection effects follow-
ing the same procedure as in Barrera-Ballesteros et al.
(2016).
The pipeline also fits single Gaussians to the strongest
emission lines in the continuum-free datacube on a
spaxel-by-spaxel basis. Thus, for a given emission line,
the pipeline produces spatially resolved maps of the flux
intensity, line-of-sight velocity, velocity dispersion, and
equivalent width. For this study we use the derived flux
maps from [OIII]λ5007, Hβ, Hα, and [NII]λ6548 as well
as the velocity map from Hα. In Fig. 2 we show an ex-
ample of the maps obtained using this analysis pipeline.
We further select galaxies with star-forming spaxels.
First we select spaxels with Hα flux error smaller than
30 percent. Then, we use the classical BPT diagnostic
diagram (Baldwin et al. 1981) that compares the line
ratios [OIII]/ Hβ and [NII]/ Hα. We classify as star
forming those spaxels with line ratios below the Kauff-
mann demarcation line (Kauffmann et al. 2003a) and
having EW(Hα) > 6A˚. These two criteria provide a reli-
able selection of star forming regions allowing us to deter-
mine the metallicity indicators using HII-regions studies
as well as the star formation rate. As result, our sam-
ple of star forming regions includes ∼ 9.2 × 105 spaxels
in the sample of 1023 galaxies. We use the abundance
calibrator O3N2 from (Pettini & Pagel 2004). This cali-
brator is based on the above line ratios
12 + log(O/H) = 8.73− 0.32×O3N2 (1)
with O3N2 = log([OIII]/ Hβ) - log([NII] / Hα). The
errors in the metallicity using this calibrator are typically
of the order of ∼ 0.06 dex.
3.2. Gas Surface Mass Densities
One of the main goals of this article is to understand
the role of gas flows and of their relationship with the
stellar component in shaping the gas-phase metallicity
at local scales. We require an estimation of the total gas
mass density (Σgas). The most common observational
technique to gauge the gas content in its different phases
is at millimeter wavelengths. In particular, the emission
line from the ground rotational transition J = 1-0 of the
CO molecule has been widely used as a tracer for H2
molecular hydrogen in our Galaxy as well as in extra-
galactic sources (for a recent review see Bolatto et al.
2013). However, direct spatially resolved observations of
cold gas emission lines in large samples of galaxies, such
as the MaNGA one, are technically quite challenging.
From optical data, there are different methods or re-
lations to estimate Σgas. Among them, these methods
include the inverse of the well-known Kennicutt-Schmidt
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Figure 3. Comparison of the estimation of Σgas from the effective optical depth. Left panel: Σgas against Σ∗. Middle
panel: Gas fraction (Σgas/Σ∗.) against Σ∗. Right panel: Total gas fraction (µ) against Σ∗. For the three panels, the
black solid contours represent the gas density in an effective screen framework. For each of these distributions, the
outer and innermost contours enclose 80% and 10% of the distribution, respectively. In the left panel the distribution
is also described by the color-coded distribution. The blue points and error bars represent the median and standard
deviation of gas density Σgas = Σmol + ΣHI at different bins of Σ∗. Σmol is derived from CO measurements in a sample
of galaxies included in the EDGE-CALIFA survey (Bolatto et al. 2017); we assume ΣHI = 10Mpc−2. These densities
are determined for regions with CO flux larger than 2-σ (Barrera-Ballesteros et al., in prep.). From these comparisons,
the effective screen method seems to provide a similar estimation of the gas density as those provided from direct
measurements of the molecular gas.
Law (Kennicutt 1998) which relates the star formation
surface density (ΣSFR) to Σgas; the relation with stel-
lar mass density (Σ∗) and Σgas; or assuming a constant
ratio between gas column density and dust (we discuss
these relations elsewhere, Barrrera-Ballesteros in prep.).
In this study we simply adopt a full mixed distribution of
gas and dust across an effective foreground screen that
includes half of the gas column density (e.g., McLeod
et al. 1993; Wuyts et al. 2011; Imara & Blitz 2007; Gen-
zel et al. 2013). In this simple scenario, the total gas
density is related to the optical extinction (AV ) via:
Σgas = 30M pc−2AV (2)
We obtain the optical extinction from the Balmer
decrement. We derive the dust attenuation for the
Hα emission line [A(Hα)] following equation (1) from
Catala´n-Torrecilla et al. (2015) using the Hα/Hβ flux
ratio, with its canonical Case B value of 2.86 and the
extinction curve from (Cardelli et al. 1989, RV = 3.1).
A(Hα) =
KHα
−0.4(KHα −KHβ) × log
(
FHα/FHβ
2.86
)
(3)
whereFHα/FHβ is the flux ratio between these Balmer
lines, KHα = 2.53 and KHβ = 3.61 are the extinction co-
efficients for the Galactic extinction curve from Cardelli
et al. (1989). Catala´n-Torrecilla et al. (2015) also noted
that this attenuation is robust among different extinction
curves and dust-to-star geometries (e.g. RV = 3.1 from
Cardelli et al. (1989) or RV = 4.05 from Calzetti et al.
(2000)). Using the above extinction curve, AV is simply
AV = 0.83 A(Hα).
We plot in Fig.3 the distribution of Σgas, the
gas fraction (Σgas/Σ∗) and the total gas fraction
(µ = Σgas / (Σgas + Σ∗)) against the Σ∗. In each panel,
we over plot the median values of Σgas = Σmol + ΣHI for
different Σ∗ bins. Σmol comes from direct CO measure-
ments from the EDGE survey (Bolatto et al. 2017). We
assume a constant distribution of ΣHI = 10Mpc
−2. In
Barrera-Ballesteros et al. (in prep.) we present a detailed
study of the relations between molecular gas densities
and spatially-resolved optical properties. This compar-
ison indicates that the effective screen method provides
a reliable estimation of Σgas with similar values as those
derived directly from CO measurements.
3.3. Rotation curve from Ha velocity fields
As a first step in determining the local escape veloc-
ity for each of the star-forming spaxels in our sample
of galaxies, we estimate the maximum rotation velocity
(Vmax). To do so, we obtain the velocity curve for each
of them via the velocity field from the Hα emission line
provided by the analysis pipeline (see an example in left
panel of Fig. 4 and details in Sec.3.1). We follow a simi-
lar procedure to that introduced in Garc´ıa-Lorenzo et al.
(2015) and applied to a sample of CALIFA disk galax-
ies in Barrera-Ballesteros et al. (2014). Using the Hα
velocity maps we determine the position of those spax-
els with the maximum/minimum (receding/approaching)
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Figure 4. Example of kinematic properties extracted from the MaNGA data cubes. The left panel shows the line of
sight velocity map from the Hα emission line. The middle panel shows the rotation curve derived from the velocity
field for the approaching and receding sides (blue and red points, respectively; see details in Sec. 3.3). The dashed lines
represent the best fit of the Eq. 4 to the datapoints. The right panel shows the radial profile of the escape velocity
Vesc (see details in Sec. 3.4).
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Figure 5. Tully-Fisher relation for the selected sample of
MaNGA galaxies. Blue points with error bars represent
the medians and standard deviations stellar masses in
bins of 50 km s−1 width. Red dashed lines represent
the best values of the Tully-Fisher relation derived using
Hα velocity fields from the Fabry-Perot GHASP survey
(Torres-Flores et al. 2011). All the medians and most of
the data points lie within the expected relation derived
from this survey.
de-projected line-of-sight velocities compared to the sys-
temic velocity at different de-projected distances (i.e.,
Vrot vs ddepro, see red and blue dots in middle panel of
Fig. 4). We assume that the kinematic center (i.e., po-
sition of the systemic velocity) is located at the optical
nucleus. This is a reasonable assumption for disk galax-
ies where the location of the maximum gradient coin-
cides in most of the cases with the optical nucleus (e.g.,
Barrera-Ballesteros et al. 2014). To de-project both the
line-of-sight velocities and distances in our sample, we
assume the photometric inclination from the NSA cat-
alogue to be the kinematic inclination across the entire
galaxy. Then, we parametrize our rotation curve as
Vrot(ddepro) = Vmax · ddepro
(Rαturn + d
α
depro)
1/α
(4)
where Rturn is the galactocentric distance at which the
rotation curve transitions from solid-body to flat (see
Sec. 3.4). We use this parametrization to fit the ob-
served rotation curve to determine Vmax (see dashed-lines
in Fig.4).
As a sanity check, we investigate how well we are
able to reproduce the observed Tully-Fisher relation us-
ing these derived velocities under the simple assump-
tions used here. In Fig. 5, we plot log(Vmax) against
log(M∗/M for those galaxies where we have reliable es-
timates of Vmax (1023 galaxies) with uncertainties from
the fitting smaller that 50 km s−1 (gray points). We
also overplot in Fig. 5 with red-dashed lines the best-fit
Tully-Fisher relation derived using Fabry-Perot Hα ve-
locity fields from a sample of field galaxies included in
the GHASP survey (Torres-Flores et al. 2011). All the
medians at different stellar mass bins and most of the
individual values of Vmax lie within the Tully-Fisher re-
lation derived from the GHASP survey. At low stellar
masses (< 109.5 M) we seem to slightly underestimate
Vmax (by ∼ 0.1 dex). We also note that this is a mass
range in which one must consider the velocity dispersion
in the budget to account for the dynamical mass (e.g.
Simons et al. 2015). Despite these limitations, the great
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Figure 6. Distribution of Vesc against Σ∗for our sample
of star forming spaxels. Our sample spans a dynamic
range of roughly an order-of-magnitude in Vesc.
majority of stellar masses and Vmax in our sample are
well described by the values from the best Tully-Fisher
relation presented in (Torres-Flores et al. 2011).
3.4. Escape velocity maps
The amount of gas (and metals) expelled by the kinetic
energy or momentum supplied by stellar feedback should
depend on the depth of the local potential well. We have
therefore used the rotation curves above to estimate the
local escape velocity. We follow a straightforward ap-
proach in order to build the escape velocity maps. We
assume the simplest approximation of the galactic po-
tential, a spherically symmetric one. From this poten-
tial, the circular velocity as a function of galactocentric
distance is described by two terms defined by the turn-
over radius (Rturn). We derive the escape velocity at a
given radius r from the optical nucleus using the follow-
ing equation:
V 2esc(r) =
V 2esc,in(r) + V 2esc,out, if r < RturnV 2esc,out, if r > Rturn (5)
where
V 2esc,in(r) = (Vmax/Rturn)
2(R2turn − r2)
and
V 2esc,out = 2V
2
max ln(Rvir/Rturn) + 2V
2
max,
where the virial radius (Rvir) is obtained from its rela-
tion to the halo mass. The halo mass is in turn obtained
by the matching function between halo and stellar mass
(Behroozi et al. 2010). In the right panel of Fig. 4 we
plot an example of the profile of Vesc for a particular
galaxy. As expected, the escape velocity decreases with
the de-projected distance. In Appendix A, we explore a
more realistic model assuming the baryonic mass is dis-
tributed in a disk-like profile and add a spherical NFW
dark matter halo. We show that the differences in the
escape velocity between this two-component model and
the simplified one presented in this section is of the or-
der of ∼5% for a subset of the galaxies included in our
sample.
In Fig. 6 we compare Vesc against Σ∗,. We find a broad
distribution of Vesc for a given stellar density. However,
the density of the distribution suggests a linear relation
(in logarithmic scales) between the escape velocity and
the stellar mass density in which the scaling factor de-
pends on the total stellar mass. This is expected given
that these observables are tightly related (e.g., Lelli et al.
2016). As we note in Sec. 3.3, to fully account for the
galaxy potential from a kinematic point of view, in par-
ticular for low-mass galaxies, it is necessary to consider
the velocity dispersion distribution. For simplicity, in
this study we only consider the contribution of the cir-
cular velocity. In a future work, we will consider the
possible relation of the velocity dispersion in the chemi-
cal enrichment at local scales.
4. RESULTS
4.1. Gas Fraction Metallicity (µ-Z) relation
In Fig.7 we plot the distribution of the oxygen abun-
dance as a function of the gas fraction for the star form-
ing spaxels in our sample of 1024 galaxies. We find a
very tight relation between these two local observables;
as µ decreases the metal content increases, reaching a
constant abundance (12 + log(O/H)) ∼ 8.8) for low µ
(µ 60.1). We measure the median metallicity at different
gas fraction bins in the range of −1.3 < log(µ) < −0.1
within bins of log(µ) ∼ 0.1. The standard deviation of
the metallicity in these bins ranges between 0.03 and 0.1
dex for low and large gas fractions, respectively. In order
to estimate the residuals of this relation, we fit to the
median values (blue circles with error bars in Fig.7) a
fourth-order polynomial function.
The median residual of this relation is close to zero (∼
-0.01 dex, see distribution on the inset in Fig. 7). The
standard deviation of these residuals from this best-fitted
curve confirms that this is a tight relation (σ ∼ 0.09 dex).
This deviation is comparable to the one observed in the
residuals of the Σ∗-Z relation for the MaNGA galaxies
(σ ∼ 0.06 dex, Barrera-Ballesteros et al. (2016)). Fig. 7
also shows that for a given intermediate µ, the metallicity
seems to be skewed towards low values. In Sec. 4.3 we
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Figure 7. Distribution of the metallicity versus the gas fraction (µ) for our sample of galaxies with star forming spaxels
(∼ 9.2 × 105 spaxels). The colors represent the density of spaxels at different points of the distribution. Blue circles
with error bars represent the medians and standard deviations for different bins of the gas fraction, respectively. The
solid curve shows the best fitting for the median metallicities using a fourth-order polynomial function. The standard
deviation of the residuals from this fitting is of the same order as the residuals of the Σ∗Z relation (∼ 0.09 dex, see
inset).
9explore how the residuals of this distribution correlate
with the escape velocity. We find that regions with low
metallicities tend to have small escape velocities.
As we mentioned above, previous studies aimed at un-
derstanding the observed metallicity gradients in small
samples of star-forming galaxies (Carton et al. 2015; Ho
et al. 2015) found similar trends to those presented in
our much larger sample. Despite the tightness of the
local µ-Z relation for our large sample of galaxies, we
must emphasize that we do not have direct estimations
of the molecular or the atomic gas densities. Neverthe-
less, we consider that this relation is robust regardless of
the proxy used to gauge the gas density. In particular,
Carton et al. (2015) used a different method to estimate
gas fractions, but found similar results to us. They also
reported their derived local µ-Z relation is similar for the
HI -rich galaxies and for their control sample, suggesting
that the physical processes occurring in both samples are
similar. The statistical properties of our sample ensure
that we cover a wide range of global parameters (e.g.,
stellar mass and global SFRs). This, along with the fact
that the local µ-Z relation reported here is almost as tight
as the Σ∗-Z relation, indicates that µ is a key parameter
in understanding the metal content of the ionized gas (as
noted by Bothwell et al. (2016)).
4.2. Escape Velocity and Metallicity (Vesc-Z relation)
The escape velocity parametrizes the amount of mate-
rial that can be ejected from the galaxy by momentum-
or energy-driven outflows. Therefore, it could play a key
role in determining the local metallicity.
In Fig.8 we plot the distribution of the metallicity
as function of the local escape velocity for all the star-
forming spaxels in our sample of galaxies. We measure
the median metallicity at different escape velocity bins
of 60 km/s width, within a range of 180 km s−1 < Vesc <
900 km s−1. We find that metallicity increases as Vesc in-
creases, reaching a constant value of ∼ 8.8 dex for Vesc &
400 km/s. However, the standard deviation for these
bins are relatively larger than those obtained for the µ-Z
relation ranging from 0.13 dex to 0.04 dex for small and
large escape velocities, respectively. We fit to the median
metallicities a curve of the form
12 + log(O/H) =
α
1 + (β/Vesc)γ
(6)
The best fitting values for our data are α = 8.85 ± 0.3
dex, β = 165 ± 13 km s−1, and γ = 0.83 ± 0.3 (see
the black solid curve in Fig. 8). The median values of
the residuals are close to zero (∼ -0.01 dex). The stan-
dard deviation of the residuals from this best-fit curve are
slightly larger than the ones derived from the µZ relation
(σ ∼ 0.11 dex). The distribution of these two parame-
ters is not symmetrical with respect to the best-fit line.
In particular, at low values of Vesc, the metallicity has
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Figure 8. Distribution of the local metallicity with re-
spect to the local escape velocity (Vesc). As in Fig. 7, the
colors represent the density of star forming spaxels in the
plot with red indicating denser regions. The blue circles
with error bars, represent the median metallicities and
standard deviations at different bins in Vesc of 50 km s
−1
width, respectively. The solid curve shows the best fit-
ting of the median metallicities to the curve describe by
Eq. 6. The standard deviation of the residuals is slightly
larger than the one obtained for the µZ relation (σ ∼
0.11 dex).
a tail skewed towards lower values. We find that these
low-metallicity spaxels have large gas fractions.
Bearing in mind these results, in the next section we
will investigate the impact of the escape velocity on the
µ-Z relation (and vice versa).
4.3. Joint Dependences on Vesc and µ
So far we have investigated how the local metallicity
relates to the gas fraction and Vesc separately. In this sec-
tion we would like to explore how µ and Vesc can jointly
regulate the local metal content in our sample of galaxies.
To explore this joint dependence, we first study the resid-
uals of the µ-Z relation presented in Sec 4.1 as function
of Vesc. We then study how the residuals of the relation
of the metallicity with Vesc relates to the gas fraction.
In Fig. 9 we plot the distribution of the residuals from
the µZ relation as function of Vesc. Broadly speaking,
there is a mild trend for residuals to increase with Vesc.
Using the median metallicities at different Vesc bins, we
find that negative residuals (i.e., overestimation of the
best fitting curve, by ∼ 0.04 dex) are found in spaxels
with Vesc . 400 km/s. For larger Vesc the residuals seem
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Figure 9. Distribution of the residuals from the µ-Z re-
lation versus the escape velocity Vesc. As in the previous
figures the color represents the density of star forming
spaxels in the distribution, with red indicating higher
density. The circles and error bars represent the median
and standard deviation of the residuals in different bins
of Vesc of 50 km/s width each, respectively. The dashed
lines represent the best-fit curve in the µ-Z relation (i.e.,
zero scatter).
to have a constant positive value (i.e., underestimation
of the best fitting curve) of ∆ log(O/H) ∼ 0.03 dex. We
also note that the scatter of these residuals tend to in-
crease as Vesc decreases. In Sec. 5 we study the impact
of parameterizing the expelled gas as a function of Vesc
in models of chemical evolution.
In Fig. 10 we study the residuals of the Vesc-Z relation
against the gas fraction. We find a clear trend of negative
residuals increasing at larger gas fractions, with an am-
plitude of about 0.3 dex. This implies that those spaxels
where the fitted Vesc-Z curve overestimate the observed
metallicity tend to be those with larger gas fractions.
In summary, we find that the primary factor in deter-
mining the local metallicity is the local gas fraction, with
the local escape velocity playing a smaller role. Bearing
these results in mind, in the next section we will com-
pare the observed µ-Z relation with several simple ana-
lytic models of galactic chemical evolution. We will show
that in order to explain the observed local metallicities,
it is required to take into account the fraction of metals
removed from a local region, as parametrized by Vesc.
5. ANALITICAL MODELLING OF THE LOCAL
METALLICITY
−1.4 −1.0 −0.6 −0.2
log(µ)
−0.4
−0.3
−0.2
−0.1
0.0
0.1
0.2
0.3
0.4
∆
lo
g(
O
/H
)
(V
es
c
−
Z
R
)
Figure 10. Distribution of the residuals from the Vesc-
Z relation versus the gas fraction. As in previous figures
the color represents the density of star forming spaxels in
the distribution, with red indicating higher density. The
circles and error bars represent the median and standard
deviation of the residuals in different bins of log(µ) of 0.1
dex width, respectively. The dashed lines represent the
best fitted curve in the µ-Z relation (i.e., zero scatter).
In this section we will analyze two recent models of
chemical evolution in order to gain insight into the most
plausible physical scenario for the evolution of metals at
local scales in star forming galaxies. More specifically, we
will compare our MaNGA observed µ-Z relation with the
predictions from these analytic models. First, we briefly
explain the gas-regulator model proposed by Lilly et al.
(2013) and implemented at local scales by Carton et al.
(2015) (Sec. 5.1). We will then also summarize the local
leaky-box model proposed by Zhu et al. (2017) (Sec. 5.2).
For both models we parametrize outflows as a function
of the local escape velocity (Sec. 5.3). The results of this
analysis are presented in Sec. 5.4.
5.1. The gas-regulator model
The main idea in the model of chemical evolution pre-
sented by Lilly et al. (2013), relies on the postulate that
the global star formation rate (SFR) is regulated by the
total mass of gas (also known as the gas reservoir) in the
galaxy. In turn, any other process that affects the frac-
tion of gas or metals in the ISM (i.e., gas transformed
into long lived stars, metal-rich material returned instan-
taneously from the stellar component, and gas expelled
from the system) can be represented as function of the
SFR.
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More recently, Carton et al. (2015) adapted this model
to explain the metallicity gradients in a sample of star-
forming galaxies. For this local adaptation of the global
model, they apply the model in radial bins (annuli).
Then, for each of these bins they assume an equilibrium
between inflows, outflows and star formation. They also
assume that radial transfer of gas/stars/metals between
the bins could be ignored. A detailed description of the
spatially resolved gas-regulator model is given in Car-
ton et al. (2015), whereas a full description of the global
model is found in Lilly et al. (2013). Here we briefly
outline the main features of the gas regulator model pre-
sented in Carton et al. (2015). We use the similar as-
sumptions as in Carton et al. (2015) implement for the
radial bins in their sample of galaxies.
The change in time of the gas mass in each of the
spaxels is then given by
m˙gas = m˙in − m˙out − m˙∗ + m˙return. (7)
where, m˙in represents the inflow of metal-poor gas into
the spaxel and m˙out is the rate at which enriched material
leaves the spaxel. Carton et al. (2015) assumed that this
was due to outflows driven by from massive stars and
core-collapse supernovae. They therefore considered this
to be proportional to the SFR by m˙out = λ SFR, where
λ is the mass loading factor (see below Sec. 5.3).
As we mentioned above, this model is based on the fact
that the SFR is proportional to, regulated by the gas
mass. Thus, SFR =  mgas, where  is the star formation
efficiency. Finally, m˙return, represents the rate at which
metal enriched gas returns to the ISM from short-lived
high mass stars. The model assumes that a fraction R
of the mass converted into stars returns instantaneously
to the gas reservoir. Thus, following Lilly et al. (2013),
and Carton et al. (2015) we assume that this fraction is
constant (R = 0.4). In simple terms, Eq. 7 is a repre-
sentation of mass conservation: the fraction of gas that
enters the system could end up as long lived-stars, be ex-
pelled by the system, or be recycled (see Fig. 2 in Lilly
et al. 2013). With these assumptions the change of the
gas in the reservoir is given by
m˙gas = m˙in − (1−R+ λ)SFR. (8)
By defining the gas-to-stellar mass ratio as rgas =
mgas/m∗, Lilly et al. (2013) show that the above equa-
tion can be expressed as
m˙in =
(
(1−R)(1 + rgas) + λ+ −1 d ln(rgas)
dt
)
· SFR,
(9)
This equation explicitly relates the inflow rate to the star
formation rate. We assume this relation is valid for our
sample of star forming spaxels. The gas-to-stellar mass
ratio can be easily transformed to the gas fraction by
rgas =
µ
1− µ (10)
Similar to Eq. 7, the change of metals in the reservoir
is related to the inflow of metal-poor gas from the halo,
the recycled metal-rich material produced by short-lived
stars, the material transformed into long-lived stars and
the enriched material ejected out of the reservoir via out-
flows. Along with these assumptions and Eq. 9, Lilly
et al. (2013) find that this gas-regulator system will reach
equilibrium on time-scales shorter than the depletion
time-scale (i.e., 6 1/). They show that in equilibrium
the metallicity of the gas-regulated system can be de-
scribed as
Zeq = Z0 +
y
1 + rgas + (1−R)−1
(
λ+ −1 d ln(rgas)dt
) .
(11)
where Z0 and y are the infalling Oxygen mass fraction
and yield (i.e., the Oxygen mass returned per unit mass
in long-lived stars), respectively. This equation explicitly
correlates the metallicity with the gas fraction rgas. The
fitting of this model to SDSS data by Lilly et al. (2013)
results in −1 d ln(rgas)dt ∼ -0.25. We set this factor to that
constant value.
5.2. The Leaky-Box Model
Recently, Zhu et al. (2017) examined the local Σ∗-Z re-
lation observed in MaNGA galaxies (Barrera-Ballesteros
et al. 2016). They assume an evolutionary model in
which disk galaxies grow inside out, with metal-poor gas
accreting from the halo to the outskirts of the galaxy
collapsing and eventually triggering localized star forma-
tion. They assume that there are no radial flows in the
disk plane. Hence, for a given region within a disk galaxy
they define a total density Σtot(t) that does not vary with
time and is set only by the accreted initial gas surface
density at time t0 Σ0 = Σgas(t0). The evolution of the
localized components is then given by
Σtot(t) = Σ∗(t) + Σgas(t) + Σout(t) (12)
= Σ0 ,
where Σout(t) represents the density of the expelled gas
that does not return to the galaxy. Similar to Lilly et al.
(2013), the outflow rate is related to the SFR surface
density by the mass loading factor. Under these assump-
tions the evolution of the metallicity is
Z = Z0 +
y
1 + λ
ln
(
Σ0
Σgas
)
(13)
where y is the effective yield and Σ0 = Σgas + (1 +
λ)Σ∗. Rewriting this in terms of the total gas fraction,
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the observed metallicity can be described as:
Z = Z0 +
ln(10)y
1 + λ
· log
(
1 +
(1 + λ)(1− µ)
µ
)
. (14)
As in the case of the gas regulator model, now we have an
explicit relation between the expected metallicity and the
gas fraction µ. We note that Zhu et al. (2017) assumed
a constant value for λ. We will relax this assumption
below and introduce a dependence on Vesc.
5.3. Local parametrization of the outflows
As we mentioned above, both models described in this
study correlate the gas/metal loss from outflows with
the SFR via the mass loading factor (λ). Observations
of starburst galaxies reveal that galactic-scale outflows
have properties that indeed relate to star-formation rate
and star-formation rate per unit area (Heckman et al.
2000; Rupke et al. 2002; Martin 2005; Grimes et al. 2009;
Hill & Zakamska 2014; Heckman et al. 2015; Heckman
& Borthakur 2016). The measured outflow velocities
(vw) are of the order of hundreds of km s
−1. Simple
analytic models assume that these outflows are driven
either by momentum or energy. Assuming that out-
flows are driving by a combination of hot wind fluid
driven(thermalized ejecta of massive stars and super-
novae Chevalier & Clegg 1985) and radiation pressure
(Murray et al. 2005). Heckman et al. (2015) show that for
a typical starburst population the total momentum flux
is given by p˙∗ = 4.8×1033 SFR dynes. For a momentum-
driven outflow (p˙∗ = M˙∗vout), the mass loading factor is
then given by
λmomentum =
670 km s−1
vw
. (15)
On the other hand if the outflow is driven by kinetic
energy from supernovae and stellar winds (Chevalier &
Clegg 1985; Dekel & Silk 1986; Silk & Rees 1998; Murray
et al. 2005), the mass loading factor is described by
λenergy =
2effηSNESN
v2w
=
(
1000 km s−1
vw
)2
(16)
where ESN = 10
51erg is the typical energy produced by a
SN, ηSN = 1×10−2, is the number of SNe per solar mass,
and eff = 1 is the efficiency in which supernova transfer
kinetic energy to the ISM. In Sec. 6.1 we compare the
above normalizations of the mass loading factor with the
results from fitting the models to the local relation. To fit
the models presented in previous sections with the data,
we use a local version of the parametrization of the mass
loading factor for global parameters proposed by Peeples
& Shankar (2011)
λ(r) =
(
V0 [km s
−1]
Vesc(r)
)α
+ λ0 (17)
in the next section we will study the impact in the fitting
using different selections of the values that parametrize
the mass loading factor.
5.4. Fitting the models to the data
In both models described in Secs.5.1 and 5.2 there
are three unconstrained parameters, the oxygen yield y
(mass of newly created oxygen returned to the ISM, di-
vided by the mass of long lived stars), the metallicity
(oxygen mass fraction) of the inflowing material Z0, and
the mass loading factor λ(Vesc).
As Peeples & Shankar (2011) point out, variations
in the IMF as well as uncertainties in Type II super-
nova yields lead to a rather poorly constrained yield
(0.008 6 y 6 0.023). Nevertheless, these authors jus-
tify a mid-range value of y = 0.015 by comparing differ-
ent nucleosynthetic yields and IMFs (see their Fig. 7).
We find similar values by studying the oxygen mass loss
in a synthetic galaxy modeled using STARBURST99 (y =
0.014, Leitherer et al. 2014). A simple empirical way to
constrain the Oxygen yield is to use clusters of galaxies,
assuming that they are closed boxes (Renzini & Andreon
2014). In this case, nearly all the Oxygen produced will
either be in stars or the hot intra-cluster medium (ICM).
We assume that Oxygen in the cold ISM is negligible in
these early-type gas-poor galaxies. We can then write
the following expression for the total Oxygen mass
MO =< Z∗ > M∗+ < ZICM > MICM (18)
where < Z∗ > and < ZICM > are the mean mass frac-
tions of Oxygen in the stars and ICM respectively. Since
the stellar mass in the early-type galaxies that dominate
clusters is almost entirely made-up of long-lived stars and
remnants, we will use the present day M∗ to define the
yield. That is,
YO = MO/M∗ =< Z∗ > + < ZICM > (MICM/M∗) (19)
Renzini & Andreon (2014) take a mean stellar metallicity
of solar, and estimate that MICM/M∗ = 5.6. The radial
metallicity gradients in the ICM in Mernier et al. (2017)
and Simionescu et al. (2015) imply a mean metallicity of
α-elements about 0.25 solar. The implied Oxygen yield is
then 0.006 + 0.0015 × 5.6 = 0.0144. This is gratifyingly
close to the estimate from STARBURST99, and we therefore
fix the yield in our models to 0.014. With this, we select
three different variations of the mass loading factor in our
models: a windless scenario (λ = 0), a constant positive
loading factor (λ = constant > 0) and a variable mass-
loading factor that varies with Vesc as in Eq.17. For all
fits, we set Z0 as a free parameter.
In Fig.11, we present the results of the fitting, allow-
ing different parametrizations as explained above. The
left panel shows the results of the fitting for both mod-
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Figure 11. Comparison between the predicted metallicity from models of local chemical evolution and the observed
MaNGA µ-Z relation. In all panels the blue dots with error bars are the same as in Fig. 7. The outermost and
innermost gray dashed contours represent the 90% and 10% of the distribution presented in Fig. 7, respectively. Left
panel: The solid and dashed blue lines represent the metallicity expected by a gas regulator model with λ(r) = 0
and λ(r) = 1.4 (see details in Sec. 5.1), whereas the solid and dashed red lines show the metallicity expected from a
leaky-box model with λ(r) = 0 and λ(r) = 14.6 (see details in Sec. 5.2). For both models a windless scenario results
in similar Z0 ∼ 6 × 10−4, whereas a those in which a constant λ was fitted results in Z0 ∼ 3 × 10−3 (roughly half
solar Oxygen abundance). The middle and right panels show the best fits of the models (gas regulator and leaky box,
respectively) when we parametrize the mass loading factor by the local escape velocity (see Eq. 17). For both models
we fix the oxygen yield to y = 0.014.
els assuming a windless scenario (λ = 0, dashed lines)
and fitting the mass loading factor as a constant value
(solid lines). For both models in the windless scenario the
metallicity of the accreting gas is Z0 ∼ 6×10−4, while in
the constant mass loading factor models Z0 ∼ 3× 10−3.
This latter value is about half the solar oxygen abun-
dance. We will comment on this below.
From this panel it is evident that a windless scenario
provides a very poor fit to the observed µ-Z relation. On
the otherhand when a constant mass loading factor is
included in both models, the fit to the observed metal-
licities is significantly improved. However, the value de-
rived for the leaky box model (λ ∼ 14) is one order of
magnitude larger than the one derived from the gas reg-
ulator model (λ ∼ 1.4). As we will discuss in Sec. 6, the
large mass-loading factor in the leaky-box model is not
compatible with other observed properties of galaxies.
In middle and right panels of Fig. 11 we compare the
observed µ-Z relation with the gas regulator and leaky
box best fits from models parameterizing the local mass
loading factor as in Eq. 17, respectively. For both models
the best fit is no longer a single line, but a two dimen-
sional distribution. This is a consequence of assuming
the dependence of the mass loading factor on the local
Vesc(r). For both models the metallicity of the accreting
gas is Z0 ∼ 3×10−3). Once again, the fitted values in the
parametrization of the mass loading factor using Eq. 17
are much larger in the leaky-box model in comparison to
the gas regulator model.
6. DISCUSSION
In Sec. 3 we presented the relation between the metal-
licity and the total gas fraction (µ, see Fig. 7). We
showed that the dispersions in the residuals are similar
to those observed in the local stellar surface mass density
relation (Σ∗-Z) reported for a similar sample of MaNGA
galaxies (Barrera-Ballesteros et al. 2016). Thanks to the
wealth of information in the MaNGA data cubes, we are
also able to make spatially-resolved estimates of the es-
cape velocity. We found a relation between metallicity
and Vesc (see Fig.8). The residuals of these two relations
indicate the interplay of µ and Vesc in producing the ob-
served metallicity (see Figs. 9 and 10).
From these two plots we inferred that the role of the
escape velocity in the local chemical enrichment is sec-
ondary in comparison to the gas fraction. However, we
also showed that including a parametrization of the mass
loading factor that depended on the local escape veloc-
ity in models of chemical evolution resulted in a better
description of the observed µ-Z relation (see Fig.11). In
this section we discuss the validity of our results. First,
we explore the implications of the best-fitted parame-
ters derived from the two chemical models presented in
Sec. 5. Then we discuss the role of the SFR surface den-
sity, surface gas density and escape velocity in the µ-Z
relation.
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6.1. Chemical evolution models
In Sec. 5 we compared the derived metallicity from
different models of chemical evolution to the observed
metallicity in order to understand the physical scenario
that explains the local µ-Z relation and the role of Vesc.
Specifically, we compared local adaptations of the gas-
regulator (see Sec. 5.1) and the leaky-box models (see
Sec. 5.2). The gas-regulator model (Lilly et al. 2013),
adapted for local scales by Carton et al. (2015), assumes
that all the processes able to enrich the ISM (i.e, SFR
and flows) are directly related to the gas reservoir in each
of the regions (or spaxels) included in the host galaxy
(see Eq. 7). Carton et al. (2015) note that the main pa-
rameters that affect the determination of the metallicity
gradients in their sample were the local gas fraction, and
the mass ejected out of the host galaxy(i.e., the mass-
loading factor λ). The other chemical scenario that we
use, the leaky-box model, assumes that the total surface
mass density in a given region of a galaxy (plus the mass
ejected) is set by the accreted initial gas density (Σ0).
In this model, the metallicity is constrained mainly by
λ and µ (see Eq. 14). We note that these are simpli-
fied models of the chemical evolution of the ISM that
ignore other possible effects that can alter the chemical
evolution (e.g., radial flows in the disk).
Our results show that the simple prescription provided
by a windless scenario (λ = 0) at local scales provides a
poor fit to the observed metallicity (see dotted lines in
left panel of Fig. 11) in both of the models. In other
words, the gas fraction alone and the assumption of in-
stantaneous recycling of metals from long-lived stars to
the ISM are not sufficient to explain the observed local
metallicity. On the other hand, a positive constant mass
loading factor improved the fit to the observed local µ-Z
relation in both models. However the best-fitted param-
eters we obtain for each model are different (λ ∼1 and 14
for the gas regulator and leaky box models, respectively).
The large mass-loading factor of the leaky-box model
is not tenable for several reasons. First, from molecular
and atomic gas studies in nearby galaxies (e.g., Leroy
et al. 2008) the gas depletion time (τdep), which is de-
fined as the ratio Σgas/ΣSFR is relatively constant for
most nearby galaxies, with a value of ∼ 109yr. Assum-
ing that there is no replenishment of accreted gas, for the
leaky box model all the observed gas will be consumed
and/or expel in ∼ τdep/15, or less than 100 Myr. This
is implausibly short. Second, the mass-loading factors
would require that about ten times more metals are out-
side of galaxies than are inside. This is inconsistent with
observations, as well as the metal mass budget that could
have been created in stars (Peeples et al. 2014). Finally,
the amount of momentum needed to drive the very high
mass outflow rates in the leaky-box model exceeds the to-
tal available amount by roughly an order-of-magnitude,
as we now show.
In Sec. 5.3 we parametrized the loss of enriched gas in
terms of the local escape velocity (Eq. 17), and fit our
model to the data using this parametrization (see mid-
dle and right panels of Fig. 11). We found different sets
of best-fitted parameters for the two models of chemical
evolution. In Fig. 12 we compare the mass loading fac-
tor as a function of Vesc using the best-fitted parameters
derived in Sec. 5.4 for both the gas regulator and leaky
box models (blue and red lines, respectively). As noted
above, λ(Vesc) derived from the best-fitting of the leaky
box model is one order of magnitude larger than the one
derived from the gas regulator model. We also compare
our best-fitted λ for local Vesc(r) with theoretical mod-
els of supernova winds driven by momentum and energy
described in Sec. 5.3 (dashed and dotted-dashed lines in
Fig. 12). While the leaky-box model yields a best-fit
slope consistent with a momentum-driven outflow, the
normalization is about an order-of-magnitude too high.
On the other hand, the gas-regulator model is in agree-
ment with a momentum-driven outflow in terms of both
the normalization and slope. Energy-driven winds pre-
dict a large overestimation of λ and a steeper slope com-
pared to the best-fits to either the gas-regulator or leaky-
box models. Finally, the dashed curve in Fig. 12 shows
λ for the chemical evolution model presented by Peeples
& Shankar (2011). We plot the best-fitting parameters
derived for the same metallicity calibrator used in this
study (i.e., PP04O3N2, Pettini & Pagel 2004). For com-
parison, we assume that vw = 3vvir. Despite the dif-
ference between the methods used to derive the escape
velocity, scales (local vs global), and parametrization, the
local λ(r) from the gas regulator model is consistent to
the one derived by Peeples & Shankar (2011).
In the chemical models used in this study, we implicitly
assumed that the metallicity of the expelled gas due to
outflows is similar to ISM metallicity (ZISM). Peeples &
Shankar (2011) fit a metallicity-weighted mass loading
factor (λZ = [Zw/ZISM]λ) to the global parameters. In
this model the metallicity of the outflow could be larger
than the surrounding ISM. Their best fitting parameters
yield in general a steeper λZ in comparison to simple
analytical models we have considered.
However, the results presented here from spatially-
resolved data, and assuming a local version of the gas reg-
ulator model, suggest that outflows driven by feedback
from massive stars are likely to be momentum driven
across the disk of the galaxy.
For simplicity most models of chemical evolution as-
sume the metallicity of the accreted gas to be zero. How-
ever, the metallicity of the intergalactic medium ZIGM is
not zero at the current epoch. There are indications that
IGM has been enriched since early epochs (z > 3, e.g.,
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Figure 12. Mass loading factor as function of Vesc using
the best-fitting parameters from the modeled local µ-Z
relation. Blue and red solid curves represent the gas reg-
ulator and leaky-box model, respectively. Blue and red
dashed lines represent the best-fitting parameters when
assuming a constant loading factor for the gas regulator
and leaky-box model, respectively. For comparison pur-
poses, we over-plot the mass loading factor derived for
the same metallicity calibrator using integrated (global)
properties derived in Peeples & Shankar (2011).
Songaila & Cowie 1996; Ellison et al. 2000; Schaye et al.
2003). In the chemical models used in this study we set
as a free parameter the metallicity of the accreted ma-
terial, Z0 (see Sec. 5). Regardless of the parametriza-
tion of mass loading factor for both models, we find
Z0 ∼ 3 × 10−3 corresponding to Z0 ∼ ×10−0.30Z. Al-
though there are major uncertainties in the amount of
metals expelled at high redshift, and in recycling time
scales to deliver these back to galaxies, this value is sim-
ilar to recent estimates of the metallicity of the Circum-
Galatic Medium at low redshift: ZIGM ∼ 10−0.51Z
(Prochaska et al. 2017).
In conclusion, we used the local adaptation of two
chemical models (gas regulator and leaky-box) in order to
understand the observed local µ-Z relation derived from
the MaNGA survey. From the fitting of these models we
find that the gas regulator model provides a better de-
scription of the observed parameters. In particular, we
find that in this model the best parametrization of the
mass loading factor as a function of local escape velocity
is in good agreement with models of momentum-driven
outflows powered by feedback from massive stars and su-
pernovae.
6.2. The Role of Star Formation
We have shown that there is a strong local inverse cor-
relation between the total gas fraction µ and the Oxy-
gen abundance (Z). Since regions of high gas fraction
will have higher star-formation rates, we might expect
there to be a local correlation between Z and the specific
star-formation rate (sSFR = ΣSFR/Σ∗) or ΣSFR. On the
other hand, we have recently used MaNGA data to show
that on global scales there is no significant correlation
between SFR or sSFR and the residuals in the global
M∗ - Z relation (Barrera-Ballesteros et al. 2017).
To better understand the inter-relationships between
µ, SFR, and Z, in Fig. 13, we plot the residuals in the
best-fit µ-Z relation (Fig.7) as a function of both local
sSFR and ΣSFR. In the case of sSFR there is only a very
weak trend (0.04 dex over a range of 1.2 dex in sSFR).
There is no systematic trend in the case of ΣSFR. These
results on local scales are consistent with the results
on global scales presented in Barrera-Ballesteros et al.
(2017).
These results have a simple interpretation. The local
ISM metallicity is most strongly dependent on the gas
fraction (and secondarily on the local escape velocity).
Once these quantities are specified, the degree of local
star-formation does not play a significant role in terms of
predicting the metallicity. Any apparent correlation be-
tween Z and star-formation is a non-physical one induced
by the mutual correlations of µ with both star-formation
and Z.
6.3. The Role of Local Stellar Surface Density
In this paper we have examined the local dependence
of the ISM metallicity (Z) on the total gas-mass fraction
µ and the escape velocity (Vesc). We have focused on
these two specific parameters because they can be most
easily related to the parameters and processes invoked
in simple models of the chemical evolution of galaxies.
As we have shown above, at least one such model (a
local version of the Lilly et al. (2013) gas-regulator) does
provide a statistically good, and physically reasonable,
fit to our data.
In our previous paper (Barrera-Ballesteros et al. 2016),
we found a very strong empirical local correlation be-
tween Z and the stellar surface density (Σ∗). Indeed, as
we noted above, the scatter in this correlation is smaller
than either the µ-Z or Vesc-Z relations presented in this
paper. To close out this paper, we would like to briefly
explore the connections between the Σ∗-Z relation and
the results we have presented here.
It is well-established empirically that the star-
formation history of galaxies (e.g., the luminosity-
weighed mean age of the local stellar population) de-
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Figure 13. Distributions of the residuals of the µ-Z relation versus the SFR density (ΣSFR, left panel) and local
specific SFR (sSFR = ΣSFR/Σ∗, right panel). The color distribution describes the density of spaxels with blue colors
representing 15 spaxels per bin. The blue dots with error bars represents the median and standard deviation at bins
of ΣSFR and sSFR for left and right panels, respectively. The dashed line shows the zero-line residuals.
pends very strongly on Σ∗. For example, (Kauffmann
et al. 2003b) used the amplitude of the 4000 A˚ break to
show that the stellar age measured in the SDSS fiber cor-
related more strongly with the global-average value of Σ∗
than with any other global property of the galaxy. Zheng
et al. (2013) used multi-band imaging data to reach simi-
lar conclusions on a local scale3. More recently, Gonza´lez
Delgado et al. (2014) found a tight correlation between
Σ∗ and the mean age of the stellar population at kpc
scales in galaxies included in the CALIFA survey.
High values of Σ∗ are characteristic of massive galax-
ies and the central regions of galaxies. Models of galaxy
evolution (see, Somerville & Dave´ 2015) find both that
the progenitors of more massive galaxies form earlier and
the centers of galaxies form first (e.g. the inside-out pic-
ture of galaxy formation). This then suggests a picture
in which Σ∗ is a proxy for the redshift at which the dom-
inant stellar population at that location formed or was
assembled. In this picture, these early-forming dense re-
gions were pre-destined to have low present-day gas frac-
tions (the gas was mostly used up much earlier) and high
escape velocities characteristic of the central regions of
more massive galaxies. This suggests that the correla-
tion between Z and Σ∗ is so good because Σ∗ encodes
information about both µ and Vesc.
3 This does not hold in the outer disk beyond Petrosian R90
where the effects of outward radial migration of stars becomes sig-
nificant.
7. CONCLUSIONS
Thanks to the SDSS-IV MaNGA IFU survey, we have
been able to study the spatially resolved properties for
more than 9.2×105 star forming spaxels in a sample of
1023 galaxies. Our goal was to use these data to test,
on local scales, the general premises of models of chem-
ical evolution in which the ISM metallicity is primarily
set by the gas fraction (measuring the degree of chemical
evolution) and the local escape velocity (which will reg-
ulate the rate at which gas and metals can be expelled
by feedback from massive stars).
The main conclusions and results from this study are:
• We presented the local relation between the gas
fraction (µ) and metallicity (µ-Z relation) This
tight relation (σ ∼ 0.09 dex) indicates that metal-
licity increases as gas fraction decreases.
• We constructed maps of the local escape velocity
(Vesc) based on modeling the galaxy rotation curve.
With a larger scatter than the µ-Z relation, we
found that local metallicity also scales with Vesc:
spaxels with low escape velocity tend to be metal
poor.
• We found weak but statistically significant system-
atic residuals in the µ-Z relation as a function of
Vesc. We found stronger systematic residuals in the
Vesc-Z relation as a function of µ. We concluded
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that gas fraction is the most important parameter
in setting Z, but that the local escape velocity also
contributes.
• We fit local adaptations of the gas regulator and
leaky box models of chemical evolution to the ob-
served µ-Z relation. The best fit leaky box model
required unphysically large values for the mass-
loading factor of the outflow. The best-fitting pa-
rameters from the gas regulator model suggest that
local chemical composition is consistent with local
outflows driven by the momentum supplied by mas-
sive stars and supernovae.
• The scatter of the µ-Z relation is similar to the
one reported previously for the surface mass den-
sity - metallicity (Σ∗-Z) relation. This latter quan-
tity is a measure of the time of formation of the
mass-dominant stellar at a given location, sug-
gesting that the local metallicity, gas fraction and
the escape velocity at the present epoch are pre-
determined at much earlier times.
Our results indicate that both resolved gas fraction and
ionized gas metallicity are the result of galaxy evolution
occurring at local scales. This study also highlights the
impact of local momentum-driven outflows into shaping
the internal metallicity of star forming galaxies.
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APPENDIX
A. THE ESCAPE VELOCITY
In Sec. 3.4 we assume a spherically symmetric galactic potential for our sample of star-forming galaxies. In this
Appendix we estimate the error introduced into the escape velocity from this assumption by using a more sophisticated
dynamical model of a disk galaxy composed of an axisymmetric stellar disk within a spherical dark matter halo. For
this particular example, we use a galaxy observed in the 127-fiber bundle setup to have a good spatial coverage, a
Sersic index of n < 2 and axial ratio 0.25 < b/a < 0.75 to avoid inclination effects. In the left panel of Fig. 14 (see
blue points) we plot the rotation curve derived using the same procedure as described in Sec. 3.3
These rotation curves were then fit using a model rotation curve composed of an axisymmetric disk and spherical
halo. The disk component was assumed to contain all of the baryonic matter and have an exponentially decreasing
surface density:
Σ(R) =
Md
2piR2d
e−R/Rd (A1)
where Md is the total mass of the disk and R is the radius in the plane of the disk (Binney & Tremaine, 2008). The
disk mass in each case was taken from the NSA catalog. The NSA half life radius of each galaxy was used to obtain the
disk scale radius by assuming a constant mass-to-light ratio and that the surface brightness and surface mass density
each follow the same e(R/Rd) form. On the other hand, the halo component was modeled as a spherical NFW profile:
ρ(r) =
ρ0
(r/Rh)(1 + r/Rh)2
(A2)
where r is the spherical radius (Navarro, Frenk, & White, 1996). The parameters ρ0 and Rh are taken as free parameters
in our model. Both of these density profiles have analytically solvable potentials. The potential of the disk is given by
(Binney & Tremaine, 2008):
Φd(R) =
−GMdy
Rd
(
I0(y)K1(y)− I1(y)K0(y)
)
, y =
R
2Rd
(A3)
where In and Kn are modified Bessel functions of the first and second kind, respectively. The potential of the halo is
(Binney & Tremaine, 2008):
Φh(r, ρ0, Rh) = −4piGρ0R2h
ln(1 + r/Rh)
r/Rh
(A4)
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Figure A14:. Determination of the escape velocity using a two-component dynamical model for a disk-like galaxy
included in our sample. Left panel: Blue points represent the rotation curve determined using the same procedure
as described in Sec. 3.3. The black solid line represents the best fit from the two-component dynamical model while
green and cyan dotted lines represent the individual contributions to the rotational curve from the the axysimmetrical
stellar disk and the spherical dark matter halo, respectively. Right panel: The blue points show the radial profile
of the escape velocity as derived in Sec. 3.4 while the red dashed line represents the escape velocity from the best
fit parameters using the two-component dynamical model. The green and cyan dashed lines represent the individual
contributions to the escape velocity from the axisymmetric stellar disk and the spherical dark matter halo, respectively.
In this example, the difference between the red line and blue points is ∼ 10 km s−1.
These potentials were then used to calculate the rotation curves vd(R) produced by the disk and vh(r, ρ0, Rh) produced
by the halo. We considered rotation curves and escape velocities within the plane of the disk where r = R. In addition
to the disk and halo contributions, the model rotation curve also included a systemic velocity term to allow for errors
in the systematic velocities used in deriving the rotation curve. Thus, the final model that was fit to our data is
v(R, ρ0, Rh, vsys) =
√
(v2d(R) + v
2
h(R, ρ0, Rh)) + vsys (A5)
Once the halo and disk parameters were obtained from the best fit , the escape velocity to R =∞ and halo mass M100
(defined as the halo mass within 100 kpc) were calculated. In right panel of Fig. 14 we show the comparison between
the escape velocity derived using this two-component dynamical model (red-dashed line) and the one described in
Sec. 3.4 (blue points). According to this comparison, the simplest model described in Sec.3.4 tends to overestimate
the escape velocity in comparison to the two-component model. However, the difference of the order of ∼ 10 km s−1
at different radii, which is a factor of < 5% of the estimated escape velocity from the single-component dynamical
model in Sec.3.4. This difference is similar in other disk-galaxies with similar characteristic as the one presented in
this example.
